Abstract: This work for the first time investigated the densification of multi-doping zirconia ceramic body with organic coating powders for solid electrolyte of solid oxide fuel cells via online imaging technology. The densification results show the initial stage plays a key role in the sintering. It can be found the covered organic PVA (polyvinyl acetate) supplies a potential kinetics to the initial densification during sintering. As a result, a kinetic function of densification in the initial stage was suggested. Furthermore, a novel sintering model with six sub-stages is developed for polycrystalline zirconia ceramics. The findings would be a valuable reference for predicting final temperature of sintering, the equivalent strain during the sintering process, as well as optimizing the densification behavior.
Introduction
YSZ-based (yttria stabilized zirconia) solid electrolytes have been used for solid oxide fuel cells (SOFC), but the high grain boundary resistance for oxygen ion transport and weak refractory [1, 2] constrain its further industrial application. Magnesia and yttria bi-doping zirconia ceramics, due to the lower-costs raw materials, are recognized as fascinating potential solid electrolytes for moderate temperature application. However, with the increasing of magnesia element, the sintering temperature reaches to 1750 °C even over 1800 °C for several tens hours. As the most important process in ceramic industries, the higher temperature of sintering and the longer time for holding, the more it costs. Therefore, a clear understanding of sintering plays a key role in fabricating the high performance zirconia solid electrolytes inexpensively.
In recent years, more scientists focus on the densification mechanisms in order to control the density and microstructure for improving the properties. Hansen [3] suggested a combined sintering mode, and Johnson [4] developed the master sintering curve method based on Hansen`s model. The master sintering curve was independent on the heating rate which could predict the densification of sintering and the final density for the multi-phase system, but the calculation is very complicated. The sintering of materials with voids, assumed elastic materials, had been described for the phenomenological model of sintering [5] [6] [7] [8] . Rahaman and De Jonghe [9] introduced the bulk viscosity and creep effects in the sintering of glass powder to study the densification kinetics. As a function of porosity, Beere [10] determined that the sintering force was an inversely-proportional relationship to grain size, and the densification mechanisms of bulk and grain boundary diffusion were obtained. Scherer [11] expressed an explicit relationship of effective viscosity and volume shrinkage rate for linear-viscous models. Rahaman [12] demonstrated the densification of compact powder bodies without consideration of the surface tension effects. McMeeking [13, 14] noted that diffusion induced creep was a controlled step in the first stage of sintering. Cocks [15] introduced capillary stresses to describe the initial stage while the surface energy was absent. However, to our best knowledge, no effort has been made to consider the effect of organic matter addition on the densification in the first stage of sintering. As a result, a clear overall understanding of sintering for multi-doped zirconia system is not reported until now.
In the present work, the densification of Y2O3-MgO-Al2O3-CaO multi-doping zirconia ceramics with organic coating powders are investigated by an online imaging method to obtain the terminal temperature of co-sintering and the densification kinetics is discussed. This work, for the first time, reports a densification model with six sub-stages for partially stabilized zirconia and suggests a kinetic function of densification in the initial sintering stage.
Experimental Methods

Raw Materials and Specimen Preparation
The raw powders were supplied by Sansai Company (Yixing, China). SP1 and SP2 were pressed into cubes, respectively, where SP1 is made by powders of Y2O3-ZrO2: MgO-ZrO2: CaO-ZrO2: Al2O3-ZrO2= 60:18:15:7 (wt %), SP2 is made by the same powders but uncoated with PVA solution as a contrast. The particle size distribution is measured by an SA-CP3 type particle size analyzer (Japan) as shown in Fig. 1 . The preparation of SP1 specimen was mainly following the two features: Firstly, a particle assembly was carried out by particle bonding technology based on mechanical mixing method (PBT-MMM) to make spheroidal composite particles coated with PVA solution, which Fig.1 The particle size distribution of SP1 and SP2 samples (shown in Fig. 1 (a) and (b), respectively). can achieve particle bonding directly in dry conditions even at room temperature. Second, the pressed compacts were conducted by Powder Injection Molding with dry powders mentioned above under 80MPa. The green bodies were then sintered with online imaging Instrument (SJY-2, Xiangtan, China) in Ar atmosphere with a 10°C/min heat-up rate to 1650°C.
Data Acquisition and Materials Characteristics
For seeking the densification mechanisms, the photographs were captured every 100°C before 1200 °C, every 20 °C before 1500 °C, and every 15 °C after 1500 °C during sintering, respectively. The exact in-situ measurement of the dimensional change was obtained by Image-Pro software with an accuracy of 2 μm. Based on these data, the shrinkage values in x, y directions varied with temperature were determined. The terminal density of specimen after sintering was obtained by Archimedes principle. The surface microstructures and fracture diagrams of SP1 and SP2 specimens were observed by scanning electron microscope (Quanta 200, FEI).
Results and Discussion
Initial Particle Size Distribution and the Microstructures after Sintering
As shown in Fig.1 (a) and (b), each of the particle size distribution of SP1 and SP2 is continuous distribution. But the gradients are not similar to each other; the former is a gentle slope following an abrupt slope, and the latter is a steep slope following a gentle section. The particle size distribution of SP1 (shown in Fig. 1(a) ) reveals that the particle size is not uniform, but the powder composition is favorable. It can be seen from Fig. 2 , the average grain size after sintering of SP1 and SP2 are both not over 10 μm, which not occurring an additional grain coarsening. The relative density of SP1 is higher than SP2 that are 98.6% and 96.7% (ρ1=5.78 and ρ2=5.67g/cm 3 ) which with the benefit of the more number of smaller powders. As shown in Fig. 2a , the tri-junction boundary is straight and the cavity is invisible among grains, which indicates that the sintering was perfect according to the traditional sintering theory. Fig.3 (a) and (b) show the densification tendency of SP1 and SP2 in x-and y-directions when sintering. It can be seen from the results shown in Fig. 3(a) , with increasing of temperature, there shows a linear densification in x-direction before 1200 °C and a sharp increase of densification rate after 1200°C. A densification platform is occurring around 1500 °C, which indicates the pausing of densification. With the temperature increasing to 1625 °C, the shrinkage value declines to zero again defined as the sintering end-point. There also illustrates linear densification in y-direction before 1200 °C and shows a sharp increase of densification rate after 1200 °C. However, the densification rate is higher than that of in the x-direction before 1400 °C, and the earlier densification in the y-direction is occurring comparison with that of in the x-direction.
Densification Mechanisms
From Fig. 3b , it shows that the densification of unprocessed SP2 is very different from that of SP1. The densification rate in y-direction is smaller than that of x-direction before 1250 °C. The densification platform, indicates the stopping of densification, is occurring at 1500 °C later than that of SP1; and the second one in x-direction is not observed before 1650 °C. On the evidence of the experimental result shown in Fig. 2d , it is not complete densification. According to sintering theory, a densification platform indicates a neck forming or mass transport between the grain boundaries, which needs more Gibbs energy as sintering force.
As shown in Fig. 3 , the porous phase is removed slowly with the increasing of temperature before 1200 °C; the densification or the arrangement of particles is occurring in the range of 1200-1500°C. In this stage, the adjacent particles are connected and the pores are filled through mass transport. After 1500 °C, the densification rate falls off gradually until stopping again. Combining the results shown in Fig. 2b , it can be concluded that, for the polycrystalline ceramics, honeycomb grain boundary alongside the straight grain boundary illustrates the dominant mechanisms in the final stage of sintering is volume diffusion accompanied with an elastic flow but plastic deformation (called high temperature creep deformation). 
Discussion
The densification mechanisms, we suggested, could be divided into two types: 1) the chemical potential induced; 2) the spatial force induced. For polycrystalline ceramics, the bulk diffusion was always ignored in traditional sintering theory, although the stress had been considered to describe grain boundary diffusion. The mechanisms reported by Ashby [16, 17] and Exner [18] in last decades showed there are surface diffusion, vapor-phase transport, lattice diffusion, and grain boundary diffusion or their intersection. In this study, the physical equilibrium category is verified to be a meta-scopic level of volume and particle shrinkage. The mass transport through particles is considered as a global concept.
This useful simplification supplies significant insights into the densification. According to traditional sintering theory, the grain boundary will be straight in the final stage of sintering, which cannot give a clear interpretation for partially stabilized zirconia ceramics such polycrystalline and multi-phase material. Although Thouless [19] suggested a creep mechanism for thin films based on surface and grain boundary diffusion, the effect of physical behavior discrepancy was not been considered in that specific work. Ashby [20] published a creep function to describe the densification under pressure sintering, which had considered the material parameters. The power-law creep is:
where A and m is the material parameters, σ and ε is the equivalent stress and equivalent strain. The spatial force balance is a key factor to affect the final densification of ceramics, especially for the polycrystalline material. From the main sintering curves (shown in Fig. 3 ), the densification rate associated with unequal distance among particles will be described as three stages: initial, intermediate and final, which can be divided into six sub-stages, to characterize the whole sintering period. The six sub-stages, to describe the densification schematically, are presented in Fig. 4 . In the first sub-initial stage (I-1), with the PVA coating of SP1, the elastic flow of PVA increases the densification rate in y-direction until the volatile component burnt. After the organic being combusted that leaving a gas emission passage, the second sub-initial stage (I-2) shows the slower densification rate in the x-direction, which is beneficial to further densification in the y-direction. With the gas discharging, the pores adjacent to grains are slowly closed. In the first sub-intermediate stage (II-1) , because of the high activation energy of processed powders by a mechanical method, the surface energy decreases with the particles rearrangement or particles restoration through bonding tiny powder to a small one. The pores located near the tiny powders are closed while the bonding continues in the second sub-intermediate stage (II-2) , and the further particles rearrangement is continued. The significant change in the intermediate stage is the secondary scale powders combined with others. The densification rate in this stage is greatly higher than that of in the initial stage, but the total shrinkages are similar to that of in the initial stage. The appearance of the first shrinkage platform is the start of the final stage. During the first sub-final stage (III-1), the grain boundary migration and coalescence continues when the separate pores were consumed. The bonded grains were then becoming one with the disappearance of grain boundary which causes the densification rate near to zero. This phenomenon indicates that the densification is nearly completed according to conventional sintering theory. Differently, in this study, the further densification following the densification platform takes place in the second sub-final stage (III-2). From the results shown in Fig.  2b , the honeycomb fracture indicates that the boundary deformation was achieved in this stage, owing to the creep densification mechanism.
Due to no shape change in this free sintering, taking the sintering stress and shear modulus into consideration, the shrinkage rate could be expressed as:
−P φγ = τe (2) where PL is the capillary stresses, e is the shrinkage rate,  and  is a function of the porosity, respectively, γ is the average strain rate tensor, and τ is the average yield stress. If the phase transformation is considered as a factor of deformation, the thermo-dynamical coupled model should be introduced, which had been developed in the intermediate stage by Olevsky et al. [21] .
Conclusions
A sintering model for partially stabilized zirconia has been developed by online imaging analysis. From the results, the densification rate of the initial stage of sintering has a potential influence on the final densification, which can be improved by coating PVA. The main conclusions are summarized as:
(1) The densification mechanisms of polycrystalline zirconia under free sintering are identified. Six sub-stages are presented to describe the densification. Being different with conventional sintering theory, a creep densification accompanied with the boundary deformation takes place to form the honeycomb grains in the final stage of sintering.
(2) With the online imaging analysis, the study of densification curve makes the prediction of the final temperature of sintering to be possible. It can also provide a valuable reference for optimizing the densification and the equivalent strain during the sintering process.
